Using first-principles calculations we show that the band gap of bilayer sheets of semiconducting transition metal dichalcogenides (TMDs) can be reduced smoothly by applying vertical compressive pressure. These materials undergo a universal reversible semiconductor to metal (S-M) transition at a critical pressure. S-M transition is attributed to lifting the degeneracy of the bands at fermi level caused by inter-layer interactions via charge transfer from metal to chalcogens. The S-M transition can be reproduced even after incorporating the band gap corrections using hybrid functionals and GW method. The ability to tune the band gap of TMDs in a controlled fashion over a wide range of energy, opens-up possibility for its usage in a range of applications.
I. INTRODUCTION
Despite being the most promising two-dimensional (2D) material gapless graphene has limitations for its applications in nanoelectronics and nanophotonics. This led to the finding of other 2D-materials with finite band gap such as BN, transition metal dichalcogenides (TMDs) and transition metal oxides (MO 2 ). BN sheet is an insulator and modifying their band gap for optical and electronic applications is still a challenge. Depending on the combination of metal and chalcogens, TMDs offer a wide range of 2D materials: metals 1,2 , superconductors 3,4 , charge density wave systems 5, 6 , Mott insulators 7 and semiconductors 8, 9 .
Semiconducting two-dimensional TMDs include MoS 2 , MoSe 2 , MoTe 2 , WS 2 and WSe 2 and have emerged as promising materials for a range of applications.
Few layers to monolayer of MoS 2 and other TMDs have been successfully synthesized [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and their optical absorption and photoconductivity have been studied 10, 20 . A single layer of TMDs having stoichiometry of MX 2 , consists of a hexagonally arranged transition metal (M = Ti, Nb, Ta, Mo, and W) sandwiched between two layers of chalcogen atoms (X = S, Se, and Te). Within a layer the metals and chalcogens form strong ionic-covalent bonds, whereas in bulk TMDs, the layers are bonded by weaker van der Waals (vdW) interaction.
The bulk TMDs are indirect band gap semiconductors having band gaps in the range of 1.0-1.35 eV 8 . With the reduction in number of layers the band gap increases 9 and transforms into a direct gap for a single layer TMD [21] [22] [23] . In order to use these materials as building blocks in nanoelectronics, their electronic properties need to be modified. This has been achieved by doping 1, 24 and intercalation 25, 26 . The TMD based field effect transistors with high room-temperature current on/off ratios 27 and higher on-current density 28, 29 as well as integrated circuits 30 have been successfully fabricated.
Tuning band gap of 2D materials-for their potential application in electromechanical devices, tunable photodetectors and lasers-has been a challenge in band gap engineering.
Applied strain or electric field offers a novel way of modifying the band gaps over a wide range. Even for graphene, it has been shown using density functional theory calculations that uniaxial strain on monolayers 31 practical applicability. For example, the electric field required to achieve S-M transition is too large, and a reversible way of applying a biaxial strain in 2D materials has yet to be demonstrated in laboratory. On the other hand it has been experimentally shown that the band structure of bulk TMDs can be modified by application of compressive strain 39 .
Here, we investigate the effect of normal compressive strain (NCS) on electronic properties of semiconducting bilayer TMDs: MoS 2 , MoSe 2 , MoTe 2 , WS 2 and WSe 2 . The band gaps of these materials decrease gradually with the applied NCS. A reversible semiconductor to metal transition was observed after a threshold pressure P th was achieved. The P th depends upon the material as well as the stacking pattern of the two layers. The hybrid functional and GW methods were used to correct the PBE gap. The S-M transition was found to be independent of the methods. This offers a wide range ( 1.9 -0.0 eV) of reversible band gap tuning, which can be utilized for various applications.
II. COMPUTATIONAL DETAILS
The calculations were performed using ab-initio density functional theory (DFT) in conjunction with all-electron projector augmented wave potentials 43, 44 
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The week van der Waals interaction between the layers has an effect in determining the interlayer distance for the bilayers as well as for the bulk MX 2 . The van der Waals interaction originates from dynamical correlations between fluctuating charge distributions and cannot be described by the PBE functional. Consequently, the relaxed bilayer distance obtained by PBE is off by approximately 1Å compared to the bulk interlayer distance.
We incorporate the van der Waals interactions through a pair-wise force field following
Grimme's DFT-D2 method 47 . The parameters used in DFT-D2 method are thoroughly optimized for several of the DFT functionals, including PBE. We performed a comprehensive test on the reliability of the empirical parameter by calculating the bulk phase of TMDs.
The lattice parameters obtained using this approach are in very good agreement with the experimental values 40, 42 , Table I . The calculated DFT-D2 interlayer distances in bilayer
TMDs have decreased significantly compared with PBE, Table I .
III. RESULTS AND DISCUSSION
The two layers in a bilayer TMDs, can be arranged in AA and AB stacking. In the AA (AB) stacking the Mo atoms in one layer is on top of the Mo (S) atoms in another layer, under applied NCS. The interlayer distance at which the S-M transition takes place is listed in Table II for the bilayers.
In order to determine the constituents of the electronic bands, the total and projected density of states (PDOS) were calculated for the bilayers under various NCS and shown for (Fig. 3(a) ).
This change is reversible, i.e in the absence of the applied pressure the structure relaxes back to the original structure with the complete recovery of band gap, which is very important for sensor applications. Similar changes in band gap 48 and resistance 39 were reported for bulk MoS 2 under applied pressure, however, unlike bilayers no S-M transition was observed even at very high pressure (40 GPa).
In order to access the feasibility of S-M transition in experiments, the applied pressure (P) was calculated from the energy cost per unit area in reducing the interlayer distance by 
where A is the area of the unit cell, E and E 0 are the energies and d and d 0 are the interlayer distances of the strained and unstrained bilayer. The pressure required for S-M transition, P th for each material is listed in Table II Table I .
Similar evidence also comes from the Bader charge analysis [49] [50] [51] . The average charge on M and X as a function of applied strain is shown in Fig. 3(b) . The charge transfer from M to X increases as a function of NCS, which is more prominent for WX 2 . Furthermore, for a given M atom, the value of average charge on X atom decreases as we go down the periodic table i.e., from S to Te, replicating closely the trend of electron affinity of X atoms. These conclusions were further supported by redistribution of charges, which was calculated by taking the difference of the total charge of bilayer and two isolated layers for MoS 2 , as shown in Fig. 3 c-e. The maximum redistribution of the charge occurs around the inner S atoms and the adjacent Mo-S bonds. As expected, for low strains (below ǫ = 0.21) no charge rearrangement was observed. At the non zero strains, the charge started accumulating on the inner S atoms as well as on adjacent Mo-S bonds, Fig. 3 c-e. However, the charge depletion was observed predominantly from the inner S atoms. With the increasing NCS, the amount of charge redistribution also increases, indicating the enhanced S-S interaction, which essentially causes the S-M transition. Due to smaller S-S distances the interaction is better for the AA-stacking compared with the AB. This is why the P th for AA-stacking is lowered compared with the AB-stacking. In order to correct the GGA/LDA band-gaps, we used hybrid Heyd-Scuseria-Ernzerhof (HSE) 53, 54 functional. In the HSE approach, the exchange potential is separated into a longrange and a short-range part. The 1/4 of the PBE exchange is replaced by the Hartree-Fock (HF) exact exchange and the full PBE correlation energy is added. HSE is shown to correct the GGA band gaps 53, 55 , significantly by partially correcting the self interaction. However, the results are system dependent. The calculated band gaps for MoS 2 bilayer using HSE is 1.64 eV which is in very good agreement with the experiment (1.60 eV).
We also corrected the PBE band gaps by using DFT with many-body perturbation theory in the GW approximation 56 . A partially self consistent GW0 method was used in which the G was iterated but the W was kept fixed to the initial DFT (PBE) W0. A default cutoff (280.0 eV) for the wave function was used for the GW calculation. Convergence study was performed for number of bands, k-points and frequency grid points to achieve a convergence within 10-20 meV for the band gaps. A Γ-centered Monkhorst-Pack k-point grid of 18×18×1 mesh was used for calculating GW band structure. Like HSE, the GW0 also improves PBE band gap and overestimates it by 0.18 eV(11.3%) (for bilayer) compared with experimental value. The GW0 band gap is slightly larger than the HSE. There are not many experimental results for the band gaps of the 2D-materials. Furthermore, the quality of as grown 2D-sheets can also play an important role in band-gap determination. In order to get a more reliable comparison more experiments are required. The band gap calculated using HSE functional is the closest to the experimental value among all the methods used in this work for bilayer MoS 2 . Both HSE and GW calculations are computationally very expensive and hence we applied these methods only to MoS 2 .
We checked the robustness of the S-M transition by calculating the band-structure of MoS 2 as a function of normal compressive strain using HSE functional and GW method.
The plot of HSE and GW band gap as a function of applied strain is compared with the one for PBE+vdW in Fig. 3 a inset. A comparison of percentage reduction in band gap with increase in pressure for different materials and methods is shown in Fig. 4 . Although, the calculated HSE and GW band gap of MoS 2 was slightly larger than the PBE, but the nature of the band structure as well as the S-M transition remained unchanged. GW method does not give any force or energy of the systems and therefore pressure could not be calculated and compared with other methods for it. Since the band gap obtained from HSE and GW calculation was slightly more than the ones with the GGA, an increase in transition interlayer distance (as well as P th for HSE) was observed for the S-M transition.
The excellent agreement between the HSE and experimental band-gap, suggests that the transition temperature would be closer the HSE values. However, more experiments are required to claim a good numerical accuracy.
IV. CONCLUSION
In conclusion, we report reversible band gap engineering of semiconducting bilayer of transition metal dichalcogenides by applied normal compressive strain. The band gap can be tuned in a large energy range without modifying the conductivity significantly. Furthermore, a universal reversible semiconductor to metal transition was observed for all the semiconducting TMDs. The reduction of gap as a function of applied pressure is caused by interlayer interaction, which eventually lifts the degeneracies of bands and moves them closer to the fermi level. For a given M in MX 2 , the threshold pressure P th , to achieve S-M transition decreases as X changes from S to Te. Furthermore, MoX 2 has lower P th , compared with the WX 2 . The PBE band gap of MoS 2 was corrected using hybrid HSE functional and GW method. The S-M transition can be reproduced even after applying the 
